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Abstract

Purpose To explore the potential of crystalline lens decentration and tilt as indicators for screening cataract patients
for presbyopia-correcting intraocular lens (IOL) implantation.

Methods Prospective observational study. Patients undergoing phacoemulsification with bifocal (Tecnis ZMB00)

or extended depth-of-focus (EDOF) (Tecnis ZXR00) IOL implantation were consecutively enrolled. The decentration
and tilt of the crystalline lens and the IOL were quantified through the utilization of swept-source optical coher-

ence tomography (5S-OCT, Casia2). Postoperative visual acuity (VA), contrast sensitivity (CS), objective optical qual-
ity, and patient-reported outcomes were assessed at a 3-month follow-up. A LOWESS (LOcally WEighted Scatterplot
Smoothing) curve was employed to analyze the changes in VA, CS, and objective optical quality relative to the decen-
tration or tilt of crystalline lenses. A further comparison of visual outcomes was conducted based on the inflection
points suggested by the curves.

Results Eighty-seven patients with ZMBOO IOL and 76 patients with ZXR0O0 IOL were included. Multiple 6-mm
internal aberrations showed a nonlinear increase with greater crystalline lens decentration. The inflection points

for the steep increase were observed to be 0.28 mm for the bifocal group and 0.35 mm for the EDOF group. Beyond
these points, internal aberrations such as coma increased significantly (all P<0.01). Patient satisfaction decreased
(P<0.01). Moreover, the bifocal group exhibited a decline in spectacle-independence from 98.67% to 83.33%
(P=0.049), along with a reduction in CS (P<0.05).

Conclusions The increased decentration of crystalline lenses compromises specific visual quality aspects in eyes
implanted with ZMBO0O and ZXR00 IOLs, with cut-off values of 0.28 mm and 0.35 mm, respectively.
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Background

The growing patient demand for enhanced postopera-
tive visual quality has driven the development of pres-
byopia-correcting intraocular lenses (IOLs) [1, 2] and
expanded the metrics used to evaluate visual outcomes.
These evaluations now encompass more than visual
acuity (VA) at all distances, incorporating objective
measures such as aberration and modulation transfer
function (MTF), alongside subjective assessments like
contrast sensitivity (CS), patient satisfaction, spectacle
independence, and adverse visual interference [3-5].
Precise alignment of the IOL is essential for optimal
visual quality. Decentration and tilt of an IOL can
adversely affect visual acuity [6], increase intraocular
aberration [7, 8], and reduce CS [9], thus compromising
visual quality. Presbyopia-correcting IOLs, integrating
diffraction and spherical aberration correction designs,
among other optical features, are more susceptible to
decentration and tilt than monofocal IOLs [10-16].

In our previous studies on monofocal IOLs, we iden-
tified that the decentration and tilt of the crystalline
lens are key predictors of IOL decentration and tilt in
patients undergoing uneventful cataract surgery [17—
19]. However, the relationship between crystalline lens
decentration and tilt and postoperative visual quality
remains unclear. Therefore, investigating this relation-
ship and its impact on various visual quality indicators
may provide valuable insights into the preoperative cri-
teria for presbyopia-correcting IOL implantation.

In this study, two commonly used types of presbyo-
pia-correcting IOLs were selected for analysis: bifo-
cal and extended depth-of-focus IOLs. The two IOLs
under consideration share the same optical platform,
which serves to minimize potential confounding fac-
tors such as IOL material and haptic design. Both IOLs
incorporate aspheric [14], spherical aberration cor-
rection [12, 20], and diffraction [21] elements, making
them more sensitive to decentration and tilt. To ensure
the stability and accuracy of measurements of tilt and
decentration, we employed swept-source optical coher-
ence tomography (SS-OCT) for precise assessment of
these parameters. This study aimed to explore the range
of crystalline lens decentration and tilt that is suitable
for the implantation of these two presbyopia-correcting
IOLs.

Methods

This prospective clinical study was approved by the Eth-
ics Review Committee of Zhongshan Ophthalmic Center
of Sun Yat-sen University (Ethics No. 2019KYPJ033). All
procedures followed the Declaration of Helsinki princi-
ples, and all patients provided written informed consent.
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Patients

This study enrolled consecutive patients who under-
went phacoemulsification combined with either a
bifocal IOL (ZMBO00) or an extended depth of focus
(EDOF) IOL (ZXR00), performed by Dr. L.L. or Dr. X.T.
at the Sun Yat-sen University Zhongshan Ophthalmic
Center between March 2022 and June 2023. Patients
with age-related cataracts and normal cognitive func-
tion undergoing presbyopia-correcting IOL implanta-
tion were included. IOL Selection Process: Our surgical
team provided comprehensive explanations regarding
the theoretical functions and limitations of the avail-
able IOL options to the patients. Subsequently, patients
were encouraged to make informed decisions based
on their individual visual needs and expectations.
The same type of IOL was implanted in both eyes of
patients. The first operated eye was selected for patients
with bilateral surgery.

Patients were excluded from the study if they met any
of the following criteria: (1) Presence of significant ocular
pathologies affecting visual acuity, such as corneal dis-
ease, glaucoma, uveitis, or severe retinopathy. (2) Zonu-
lar instability or constant strabismus. (3) Coexistence of
systemic diseases known to affect ocular health, such as
hyperthyroidism. (4) History of prior intraocular surgery
or trauma. (5) Underwent additional surgical procedures,
such as capsular tension ring implantation. (6) Intraop-
erative or postoperative complications, including poste-
rior capsule rupture, IOL dislocation, or severe posterior
capsule opacification. (7) Inability to comply with exami-
nation or follow-up protocols.

Preoperative examinations

A comprehensive preoperative eye examination was per-
formed for each patient, gathering the following informa-
tion: (1) Demographic details: patient’s age, gender, and
medical history. (2) Ocular biometric parameters: axial
length (AL), anterior chamber depth (ACD), lens thick-
ness (LT), corneal astigmatism (AK), and white-to-white
(WTW) were measured using the IOL Master700 (Carl
Zeiss Meditec AG, Jena, Germany). (3) Angle kappa,
angle alpha, 4-mm corneal high-order aberration (HOA),
6-mm corneal spherical aberration (SA), and pupil diam-
eter under photopic and mesopic conditions, measured
using the OPD-Scan III aberrometer (Nidek Co, Ltd.,
Gamagori, Japan).

Before the surgery, Ocular biometric parameters were
consistent with previous recommendations [22-26]: 21
mm<AL<28 mm, AK<1.00 D, angle Kappa<0.5 mm,
4-mm corneal HOA<0.3 um, 6-mm corneal SA<0.3
um, photopic pupil diameter >2.0 mm and mesopic pupil
diameter < 6.0 mm.
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Surgical technique

All surgeries were performed by experienced ophthal-
mologists Dr. L.L. or Dr. X.T. strictly following the
standardized steps for phacoemulsification and in-the-
bag folded IOL implantation. A 2.2-mm temporal clear
corneal incision, a 0.8-mm side-port corneal incision,
and a 5.5-mm continuous curvilinear capsulorhexis
were made. IOL power was calculated using the Bar-
rett Universal II formula. Special attention was given
to the thorough removal of viscoelastic substances both
before and after IOL implantation. The IOL position-
ing was meticulously checked for proper centering and
adjusted as needed. The positioning method was as fol-
lows: three lights—one large and two small—were vis-
ible within the patient’s field of view. The patient was
instructed to focus on the large light directly in front.
The IOL was then adjusted so that the reflection of the
large light on the anterior corneal surface aligned with
the center ring of the presbyopia-correcting IOL. In
other words, the visual axis was aligned to pass through
the center of the IOL. Antibiotics were then adminis-
tered into the anterior chamber, and the incision was
closed.

Postoperatively, patients were instructed to apply
Tobramycin Dexamethasone Eye Ointment (Tobradex,
ALCON, USA) nightly for one week, Gatifloxacin Eye
Drops (Zhuning, China) four times daily for two weeks,
and Prednisolone Acetate Ophthalmic Suspension
(Pred Forte, Allergan Pharmaceuticals, Ireland) every
two hours for the first week, then reduced to four times
daily for the second week. Starting in the third week,
0.1% Pranoprofen Eye Drops (Senju Pharmaceutical Ltd,
Japan) was administered four times daily for two weeks.

Decentration and tilt measurement

Crystalline lens and IOL decentration and tilt were
measured using swept-source optical coherence tomog-
raphy (SS-OCT) system, (CASIA2, Tomey, Nagoya,
Japan), which is designed for anterior segment imaging.
To precisely and repeatably measure decentration and
tilt, this system employs the corneal topographic axis as
the reference, [27] considered the best reference axis for
accurately assessing decentration and tilt [11, 28]. Meas-
urements were performed under mesopic conditions
(3 cd/m?) with sufficient mydriasis (pupil size>6 mm).
Each subject’s eyes were examined once by an experi-
enced operator, ensuring data of "OK" quality. Preopera-
tive measurements were performed in Lens Scan mode
and postoperative measurements were taken in IOL scan
mode. The scanned images were meticulously traced by
the same clinician and reconstructed in 3D space using
the built-in SS2000 software.
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Postoperative follow-up
At 3 months postoperatively, all patients underwent the
following visual quality assessments:

(1) Visual Acuity Examination: VA was recorded and
analyzed using the logarithm of the minimum angle
of resolution (logMAR) under photopic conditions
(85 cd/m?. Uncorrected distance visual acuity
(UDVA) and best-corrected distance visual acu-
ity (BCVA) were measured using the Early Treat-
ment Diabetic Retinopathy Study (ETDRS, Preci-
sion Vision, Villa Park, Illinois, USA) charts at a
distance of 4 m. Uncorrected intermediate visual
acuity (UIVA: 80 cm) and uncorrected near visual
acuity (UNVA: 40 cm) were measured with a stand-
ard optometer light box (VA-TEST PANAL, Wehen
Vision, Guangzhou, China).

(2) Contrast Sensitivity Examination: Contrast sensitiv-
ity (CS) of the operated eye, corrected for refractive
error, was measured using the CSV-1000E (Vector
Vision, Haag-Streit, Harlow, UK). Measurements
were taken across all spatial frequencies (3, 6, 12, 18
cpd) under four standard conditions: photopic (85
cd/m?), mesopic (3 cd/m?), photopic/mesopic with
glare (40 lx), at a distance of 2.5 m [29].

CS quantifies the subtle visual perception of the refrac-
tive system in conjunction with neurological factors [30,
31]. Specifically, low-frequency CS (3 cpd) primarily
reflects visual contrast, high-frequency CS (18 cpd) pri-
marily evaluates visual acuity, and mid-frequency CS (6
cpd-12 cpd) integrates both aspects. Daily activities such
as driving, reading, and mobility necessitate a primary
CS of about 3—6 cpd. However, tasks requiring fine vision
demand superior high-frequency resolution, and supe-
rior low-frequency resolution is crucial for night or mes-
opic environments [30].

(3)Objective Optical Quality: The OPD-Scan III was
used to measure modulation transfer function (MTF)
and internal aberrations [32, 33].

MTF describes the optical imaging quality of the entire
refractive system, independent of subjective factors, with
a higher MTF value indicating a clearer image [34, 35].
MTF values included: the total MTF of the whole eye
(MTF TOTAL), higher-order MTF (MTF HO), and MTF
TOTAL after correction of refractive error (MTF Total
CR). These indicators were expressed as the area ratio
under the MTF curve of the patient’s eye compared to
that of a normal eye.

High-order aberrations (HOA) significantly contribute
to postoperative glare, ghosting, blurred vision, and loss
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of nighttime visual acuity [36]. Greater HOA increases
the likelihood of enduring uncorrectable visual distur-
bances [37]. In poorly lit environments, such as dusk and
night, pupil dilation amplifies HOA, increasing the risk of
adverse visual disturbances [38]. Therefore, in this study,
the pupil diameter for assessing objective visual quality
was set at 6 mm, the upper limit for mesopic pupil inclu-
sion criteria. To avoid interference from pupil size, data
were recorded under sufficient mydriasis (pupil size>6
mm). The study focused on changes in internal aberra-
tions caused by complex optical designs combined with
increased misalignment. Internal ocular aberrations
included total aberration (Oth to 8th order), total higher-
order aberration (3rd to 8th order), tilt (Z-11, Z11), coma
(z-13, 713, Z-15, Z15, Z-17, 717), trefoil (Z-33, Z33,
Z-35, 735, Z-37, Z37), and spherical (Z04, Z06, Z08)
aberrations, expressed and analyzed as root-mean-square
(RMS) [33, 39].

(4) Patient-Reported Outcomes: Patients were asked to
complete a visual quality questionnaire and provide
feedback on satisfaction, spectacle independence,
and visual interference. For patients who underwent
bilateral surgery, the survey was administered three
months after the second eye procedure. Before com-
pleting the questionnaire, patients were explicitly
instructed to base their responses on vision without
glasses in the operated eye(s) post-surgery.

Visual quality and satisfaction: The Chinese version of
the Catquest 9-SF questionnaire, validated using Rasch
analysis in post-cataract surgery patients, [40, 41] was
used to assess the degree of difficulty in daily life and sat-
isfaction with the surgery. The questionnaire contained 9
questions, each with 5 response options ranging from 4
for “very great difficulty/very dissatisfied” to 1 for “no dif-
ficulty/very satisfied’, with an additional “cannot decide”
option considered as missing data [42]. The question-
naire was evaluated as a whole, with individual analy-
ses for two specific questions: “Satisfaction with current
vision’, and “Do you have difficulty seeing to perform
fine work (handicrafts, woodwork, needlework, etc.)”.
Patients who reported “very satisfied” or “somewhat sat-
isfied” were considered satisfied, whereas those who were
“unsure’, “somewhat dissatisfied’, or “very dissatisfied”
were considered dissatisfied. For difficulty seeing fine
work, patients reporting “no difficulty” were considered
to have no difficulty, while those who reported “cannot
decide’, “some difficulty’, “great difficulty’, or “very great
difficulty” were considered to have difficulty [43].

Spectacle independence: Patients were asked about
the frequency of spectacle independence at distance,
intermediate, and near distance. Patients who reported
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“never” wearing glasses at a given distance were classi-
fied as having “spectacle independence’, while those who
reported “occasionally” or “always” were classified as hav-
ing “spectacle dependence”.

Visual interference (photic phenomena): Pictures from
the Quality of Vision (QoV) questionnaire [44, 45] were
shown to patients, who were then asked to rate the sever-
ity (none, mild, moderate, severe) of photic phenomena
(glare, haloes, starbursts, blurred vision, hazy vision,
distortion, double vision) and the extent to which these
phenomena interfered with daily life (not at all, a little,
quite, very). Patients who reported “not at all” or “a lit-
tle” were considered to have no interference, while those
who reported “quite” or “very” were considered to have
interference.

Statistical analysis

Statistical analysis was performed using Stata SE16.0
software (Stata Corp). Visual acuity data were con-
verted to logMAR units for analysis. Normality was
evaluated using the Kolmogorov—Smirnov test and his-
togram. Aberration data were log-transformed to meet
the normality assumption. Continuous variables were
expressed as mean + standard deviation (SD) or median
with interquartile range (IQR). Independent samples
t-tests were used for normally distributed variables, and
Mann-Whitney U tests were used for skewed variables.
Categorical variables were expressed as numbers and
proportions and tested for statistical significance using
the x* or Fisher exact tests. The variation in visual qual-
ity parameters with lens decentration was assessed using
locally weighted smoothed scatterplot (LOWESS) curves,
followed by explanatory analyses based on the curves’
inflection points. Differences in distance, intermedi-
ate, and near visual acuity, CS, objective visual quality,
and patient-reported outcomes were compared between
groups on either side of the inflection point. Binary out-
come analyses considered patient-reported satisfaction,
the prevalence of photic phenomena, and spectacle inde-
pendence. P-values less than 0.05 were considered statis-
tically significant.

Results

A total of 163 patients (163 eyes) were enrolled in the
study, with 87 patients (87 eyes) with ZMB0O IOL
implantation and 76 patients (76 eyes) with ZXR00 IOL
implantation. Comparative analysis revealed no statis-
tically significant differences between the two groups
concerning preoperative age, gender, or various biom-
etric parameters, as shown in Table 1. Specifically, the
mean decentration and tilt of the crystalline lens were
0.14+0.10 mm and 4.87+£1.17 degrees in the bifocal
group, and 0.17 £ 0.12 mm and 4.81 + 1.20 degrees in the



Zhang et al. BMC Ophthalmology (2025) 25:58

Table 1 Baseline demographic and ocular parameters

Parameters Total IOL Type

n (%) / Mean (SD) ZMBO0O ZXR00
Patients, n 163 87 76

Age (yrs) 63.46 (9.25) 64.13 (8.39) 62.70(10.13)
Male, n 72 (44.17%) 40 (45.98%) 32 (42.11%)
Right eye, n 94 (57.67%) 51 (58.62%) 43 (56.58%)
AL (mm) 23.69(1.03) 23.59 (0.96) 23.80(1.10)
ACD (mm) 3.14(0.39) 3.13(0.35) 3.15(043)
LT (mm) 443 (047) 444 (0.48) 443 (0.46)
Astigmatism (D) 0.59 (0.30) 0.54 (0.27) 0.63 (0.33)
WTW (mm) 11.84 (0.44) 11.87 (0.46) 11.81(042)
KAPPA (mm) 0.28(0.14) 0.27(0.13) 0.30(0.15)
ALPHA (mm) 042 (0.17) 0.43(0.17) 042 (0.16)
Photopic Pupil (mm) 3.06 (0.50) 3.03 (0.44) 3.09 (0.56)
Mesopic Pupil (mm) 459(0.77) 458(0.71) 460 (0.84)
Pre-tilt (°) 4.84(1.18) 487 (1.17) 4.81(1.20)
Pre-decentration (mm) 0.15(0.11) 0.14 (0.10) 7(0.12)
Post-tilt (°) 4.83(1.36) 4.84 (1.37) 4.82(1.37)
Post-decentration (mm) 0.17 (0.12) 0.17 (0.11) 8(0.12)
IOL Power (D) 20.72 (2.83) 20.83 (2.54) 20.60 (3.14)

Categorical data are presented as n (%), and continuous data are presented as
mean +SD or median (interquartile range)

AL axial length, ACD anterior chamber depth, LT lens thickness, WTW white to
white, IOL intraocular lens

EDOF group, respectively. Postoperatively, the ZMBO0O
IOL showed a mean decentration and tilt of 0.17 +0.11
mm and 4.84+1.37 degrees, while the ZXR00 IOL
exhibited 0.18+0.12 mm and 4.82+1.37 degrees. No
statistically significant differences were found in decen-
tration or tilt, either between the two groups at the
same time or within the same group before and after
surgery. The distribution of decentration and tilt of the
preoperative crystalline lens and the postoperative IOL
in both eyes is shown in polar coordinate plots (Fig. 1).
Both the crystalline lens and the IOL were slightly
decentered toward the temporal direction and tilted
toward the inferotemporal direction.

Correlations were analyzed using LOWESS curves
with crystalline lens decentration or tilt as the inde-
pendent variable and visual acuity, CS, and objective
visual quality indicators as the dependent variables.
The analysis revealed that multiple 6-mm intraocular
aberrations increased with lens decentration, showing
a nonlinear increasing trend that was initially flat and
then became steep. The inflection points for the abrupt
increase in aberrations differed between the bifocal
IOL and the EDOF IOL groups, measuring 0.28 mm
and 0.35 mm for preoperative decentration, respec-
tively (Fig. 2).
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Comparative analyses of visual quality metrics on
both sides of the crystalline lens decentration inflection
points were performed (Table 2). For the bifocal group,
when preoperative lens decentration was>0.28 mm
(12/87, 13.79%), the following 6 mm internal aberrations
increased: total (1.023 um), tilt (0.809 pm), higher-order
(0.426 um), coma (0.430 pum), and trefoil (0.133 pum) (all
P<0.05). Simultaneously, certain spatial frequency CS
values declined: high-frequency CS (18 cpd) decreased
by 0.312 under photopic conditions without glare, and
low-frequency CS (3 cpd) dropped by 0.168 with glare.
Under mesopic conditions with glare, medium- and
low-frequency CS (6, 12 cpd) were also reduced by 0.151
and 0.193, respectively (P<0.05). Patient-reported sat-
isfaction significantly decreased from 96.00% (72/75) to
75.00% (9/12) (P<0.05), and the incidence of photic phe-
nomena affecting daily life rose significantly from 5.33%
to 16.67% (P<0.05). Additionally, the spectacle inde-
pendence rate declined from 98.67% to 83.33% (P> 0.05)
(Fig. 3).

For the EDOF group, when the crystalline lens decen-
tration was>0.35 mm (5/76, 6.58%), the 6-mm MTF
HO decreased by 7.301%. The 6-mm internal aberra-
tions increased as follows: total (1.430 pm), tilt (1.433
pum), higher-order (0.683 pum), and coma (0.883 pm) (all
P<0.05). Correspondingly, patient satisfaction exhib-
ited a substantial decrease from 95.77% (68 out of 71)
to 60.00% (3 out of 5), and the prevalence of photic phe-
nomena affecting daily life increased significantly from
5.63% (4 out of 71) to 40% (2 out of 5) (all P<0.05). How-
ever, CS in the EDOF group remained stable on both
sides of the inflection point (P> 0.05) (Fig. 3).

Conversely, when decentration exceeded the IOL's cor-
responding inflection point, no statistically significant
differences were found in various patient indices, includ-
ing distance, intermediate and near visual acuity; CS;
total MTF; total MTF CR; and intermediate and near
spectacle independence rates in both IOL groups, com-
pared to the group with less decentration (P> 0.05).

With increasing tilt of the crystalline lens, visual acuity
and CS of both IOL groups remained unaffected (Figure
$2). No significant increase in aberrations was observed
for the ZMBO0O IOL (Figure S1-A). For the ZXR00 IOL,
although aberrations increased sharply at approximately
7° (Figure S1-B), no significant difference in visual qual-
ity metrics was observed on either side of this point
(P>0.05).

Discussion

This prospective study examined the impact of crystalline
lens decentration and tilt on visual quality following the
implantation of two presbyopia-correcting IOLs, ZMB0O0
and ZXR00, and assessed their potential as guidance
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for IOL implantation. Preoperative lens decentration
showed superior predictive capability compared to tilt
for both IOLs. Specifically, when preoperative decentra-
tion reached or exceeded 0.28 mm for ZMBO00 and 0.35
mm for ZXRO00, it was associated with a decline in mul-
tiple visual quality metrics. These metrics included CS
at specific spatial frequencies, internal aberrations, and
subjective evaluations such as patient satisfaction, spec-
tacle independence, and photic phenomena. Our findings
have clinical significance for preoperative assessment
and patient counseling before presbyopia-correcting IOL
implantation.

The key finding of this study is that crystalline lens
decentration has a predictive effect on the postoperative
visual performance of presbyopia-correcting IOLs. Crys-
talline lens decentration is common in cataract patients,
with a mean value ranging from 0.12 mm to 0.22 mm
[10, 28, 46]. Our study reported an overall mean decen-
tration of 0.15+0.11 mm, with 0.14+0.10 mm for the

ZMBO0O0 group and 0.17 £0.12 mm for the ZXR00 group
(P>0.05). As the optical designs of presbyopia-correct-
ing IOLs become more complex, accurate alignment
becomes critical to optimize their performance. Previ-
ously, we have identified crystalline lens decentration as
the primary predictor of IOL displacement, leading to
the development of a prediction model for IOL decen-
tration and tilt [17-19]. Therefore, assessing crystalline
lens decentration and tilt before cataract surgery can
help predict potential postoperative visual quality issues
and improve doctor-patient communication, serving as
a guide for preoperative counseling and IOL selection.
For cases with decentration >0.28 mm, EDOF IOLs are
recommended if they align with the patient’s lifestyle.
Nevertheless, patients who express a strong preference
for ZMBO0O IOLs should be informed of the potential for
increased photic phenomena and decreased contrast sen-
sitivity under glare conditions, allowing them to set real-
istic expectations and adjust their lifestyle accordingly.
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Fig. 2 LOWESS curve analysis to assess the change in internal aberrations with lens decentration for both I0Ls. ZMB0O IOL (A) and ZXR00 IOL (B)

both showed a nonlinear increasing trend with different inflection points

This study employs a broad range of subjective and
objective indicators to sensitively detect declines in visual
performance due to increased crystalline lens decentra-
tion. Previous research has shown that changes in met-
rics such as higher-order aberrations, MTF, and CS often
occur before any noticeable decline in overall visual acu-
ity [10, 11]. The observed changes in these indicators
suggest retinal image degradation, leading to adverse
photic phenomena, decreased resolution, and potential
disruption of patients’ neural adaptation processes [47].
In our study, as crystalline lens decentration increased,
visual acuity at all distances remained stable within the
observed range. However, both subjective and objective
visual quality metrics were affected to varying degrees
in the bifocal and EDOF IOL groups. For patients with
lens decentration beyond the identified inflection points
(0.28 mm for bifocal IOLs and 0.35 mm for EDOF IOLs),
although both groups experienced declines in objec-
tive quality such as increased aberrations; CS remained
stable in the EDOF group. In contrast, the bifocal group
showed significant CS declines under both photopic and
mesopic conditions with glare, indicating that decen-
tration impacts detail resolution in glare environments
more severely for bifocal IOL patients, while EDOF IOL
patients adapt better to decentration. However, a notable
trend emerged within the EDOF group: increased decen-
tration correlated with a 39.44% rise in patients reporting
difficulty with fine activities, a 23.38% decline in near-
vision spectacle independence, and a 12.96% increase
in life-affecting photic phenomena, primarily blurred

vision. This suggests that, while EDOF IOLs tolerate
greater decentration for certain visual functions, higher
levels of decentration still adversely affect tasks requiring
fine vision.

Crystalline lens tilt had less impact than decentration
in our study, which is consistent with previous findings
[10]. The increase in crystalline lens tilt did not result
in any notable decline in visual performance among
patients, suggesting that crystalline lens tilt may not be a
primary consideration for cataract patients following the
existing criteria. Only a few patients in the study exhib-
ited a large tilt (greater than 7 degrees): only 3 patients,
with 2 eyes in the bifocal group and 1 eye in the EDOF
group. This could be attributed to the stringent patient
selection criteria, which were designed to closely fol-
low expert recommendations. Previous studies indi-
cate that lens tilt increases with decreasing AL [48] and
increasing Kappa and Alpha angles in age-related cata-
ract eyes without a history of intraocular surgery [49].
Our study cohort comprised patients with AL>21 mm,
Kappa angle<0.5 mm, and excluded those with a his-
tory of previous pars plana vitrectomy (PPV) surgery to
mitigate the potential for greater lens decentration and
tilt [50]. Additionally, some previous studies used the
tilt aberration of OPD-Scan III to represent the patient’s
true tilt, [51-53] but our study revealed a positive cor-
relation between the true IOL decentration value meas-
ured by Casia2 and postoperative internal tilt aberration
(r=0.48-0.6, P<0.001). Whereas the tilt value measured
by Casia2 showed an unclear correlation with internal
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Table 2 Visual quality changes of the two IOLs on both sides of
the lens decentration inflection point

Parameters ZMBO00 ZXR0OO
Difference Difference
(0.28 mm) (0.35 mm)
Visual Acuity (LogMAR)

UCVA 0.010 0.013

BCVA 0.008 -0.037

UIVA 0.053 0.002

UNVA -0.024 -0.007
6 mm MTF (%)

MTF Total —2.745 -0.197

MTF HO —1.503 —7.922%

MTF Total CR —4.830 —2.832
6 mm Internal Aberrations (um)“

iTotal 1.023%** 1.604***

iTilt 0.809%** 1.7927%**

iHigh 0426* 0.630*

iComa 0.430* 0.8271%**

iTrefoil 0.133 0.014

iSph 0.106 0.066
Contrast Sensitivity

P_3cpd -0.143 -0.082

P_6 cpd -0.114 0012

P_12 cpd -0.024 0.013

P_18cpd -0312*% 0.292

PG_3 cpd -0.168* 0.088

PG_6 cpd -0.164 0.065

PG_12 cpd —-0.003 0.042

PG_18 cpd —0.243 0216

M_3 cpd ~0.114 0.024

M_6 cpd -0.087 0.039

M_12 cpd -0.097 -0.026

M_18 cpd -0.097 0.095

MG_3 cpd -0.151* 0.063

MG_6 cpd —0.193* 0.076

MG_12 cpd -0.124 0.038

MG_18 cpd -0.088 0.169
Questionnaire(score)

Catquest 9-SF 0.063 0.369
Satisfaction (%) —21.00% —35.77*
Disturbance (%) 11.34 12.96
Fine Work (%) —7.66 —39.44
Spectacle Independence

Far (%) —15.34% 2.82

Intermediate (%) -7.00 423

Near (%) 6.34 —23.38

UDVA uncorrected distance visual acuity, BCVA best-corrected distance visual
acuity, UIVA Uncorrected intermediate visual acuity, UNVA uncorrected near
visual acuity, LogMAR logarithms of the minimal angle of resolution, MTF
modulation transfer function, MTF HO MTF at high-order, MTF Total CR MTF
Total after correcting refractive errors, In Contrast Sensitivity section errors, In
Contrast Sensitivity section: P photopic, PG photopic with glare, M mesopic, MG

mesopic with glare
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Table 2 (continued)

*=P<0.05. ***=P<0.001. #: these p-values have been corrected for multiple
comparisons

tilt aberration (P=0.01-0.41) (Figure S3). Thus, the rep-
resentativeness of the tilt aberration measured by OPD-
Scan III for lens or IOL tilt requires further clarification
by additional studies.

In selecting presbyopia-correcting IOLs, researchers
aim to balance moderate loss in retinal image quality
with functional gains while ensuring the stability of reti-
nal images, particularly in cases where IOL decentration
or residual refractive errors might occur postoperatively.
Our study provides a reference for predicting the stability
of postoperative retinal images.

We also summarize findings on the retinal image qual-
ity associated with various IOL types, aiming to provide
a useful reference for IOL selection. Recent studies [1,
54] have shown that diffractive EDOF IOLs reduce the
overlap between near and distant images by lowering the
addition power and bringing the intermediate and dis-
tant focal points closer. This design offers better visual
quality than high-add bifocal IOLs in the same patients.
However, EDOF IOLs that extend the depth of focus
by increasing spherical aberration do so at the cost of
reduced far-focus retinal image quality.

Another series of studies [55, 56] analyzed retinal
images from patients implanted with various IOLs. After
excluding the effects of low-order aberrations, results
indicated that trifocal IOLs with a refractive-diffractive
hybrid design offered the best retinal image quality for
pupil diameters of 3—4 mm. However, these IOLs were
highly sensitive to residual refractive errors. Aspheric
monofocal IOLs and wavefront-optimized EDOF IOLs
showed comparable and stable retinal image quality.
In contrast, EDOF IOLs with higher spherical aberra-
tion exhibited poorer retinal image quality. Additionally,
high-addition rotationally asymmetric multifocal IOLs
(e.g.,+3D) and multi-zone refractive CTF IOLs intro-
duced significant coma aberrations, resulting in the poor-
est visual quality”

Our study’s strengths include its prospective design,
comprehensive preoperative and postoperative assess-
ments, and the use of advanced imaging technology for
precise measurements. However, there are several limi-
tations to consider. First, patients chose their IOL type
based on full informed consent and their lifestyle needs;
therefore, the study employed a nonrandomized con-
trolled design. Nonetheless, the comparable preopera-
tive baseline between the two groups helped minimize
the impact of the nonrandomized design. Second, only
one eye per patient was included to avoid the correla-
tion of binocular parameters, so binocular visual quality
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Fig. 3 Changes in the proportion of patient-reported outcome indicators on either side of the inflection points. SI=spectacle independence,

Decen=decentration, *=P<0.05

indicators such as stereopsis, were not assessed. Third,
as a single-center study focusing on two representative
presbyopia-correcting IOLs, the findings may not be fully
generalizable to populations with different intraocular
lenses that feature a variety of optical designs (e.g., dif-
fractive, zonally refractive, hybrid, etc.). Moreover, the
proportion of patients with significant crystalline lens
decentration is relatively low in the general population,
and our study population followed strict inclusion and
exclusion criteria. As a result, the number of patients
exceeding the observed thresholds was limited, which
may influence the generalizability of our findings. In the
future, we look forward to larger-sample studies to fur-
ther explore and validate these results.

In this study, we found that crystalline lens decentra-
tion affects both subjective and objective visual perfor-
mance after implantation of bifocal IOLs (ZMB00) and
EDOF IOLs (ZXR00), with EDOF IOLs demonstrat-
ing greater tolerance to lens decentration than bifocal
IOLs. Crystalline lens decentration>0.28 mm and >0.35
mm were associated with reduced visual performance
in patients implanted with ZMB00 and ZXRO00, respec-
tively. Preoperative assessment of these parameters may
guide IOL selection and improve postoperative visual
quality. Future research should focus on refining preop-
erative evaluation techniques and developing strategies

to further improve patient satisfaction with presbyopia-
correcting IOLs.

Abbreviations
0L Intraocular lens

PC-IOL Presbyopia-correcting intraocular lens

EDOF Extended depth-of-focus

AS-OCT Anterior-segment optical coherence tomography
SS-OCT Swept-source optical coherence tomography
VA Visual acuity

& Contrast Sensitivity

AL Axial length

ACD Anterior chamber depth

LT Lens thickness

AK Corneal astigmatism

WTW White-to-white

SA Spherical aberration

UDVA Uncorrected distance visual acuity

BCVA Best-corrected distance visual acuity

UIVA Uncorrected intermediate visual acuity

UNVA Uncorrected near visual acuity
LogMAR Logarithms of the minimal angle of resolution
EDTRS Early Treatment Diabetic Retinopathy Study

MTF Modulation transfer function

MTF HO MTF at high-order

MTF Total CR ~ MTF Total after correcting refractive errors
HOA High-order aberrations

RMS Root-mean-square

QoV Quality of Vision

p Photopic

PG Photopic with glare

M Mesopic

MG Mesopic with glare

D Diopter

SI Spectacle independence
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Supplementary Material 1: Supplemental Figure 1. Correlation between
crystalline lens tilt and objective visual quality assessed by the LOWESS
curve. Neither the ZMBOO IOL (A) nor the ZXR00 IOL (B) in the figure shows
a significant trend of change. Supplemental Figure 2. LOWESS curves to
assess the correlation between decentration and tilt of the crystalline lens
and contrast sensitivity. CS=contrast sensitivity. Supplemental Figure 3.
Correlation of intraocular lens decentration or tilt values with 6 mm inter-
nal tilt aberration. iTilt =internal tilt aberration measured by OPD-Scan |Il,
Post-Tilt/Decentration: Postoperative IOL tilt/decentration measured by
Casia2.
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